Molten salt electrorefining based pyrochemical reprocessing is ideally suited for treating the spent metallic fuels . Development of all aspects of the pyroprocess flow sheet is in progress at IGCAR to enable the commercialisation of the process. Following the initial laboratory scale studies, engineering scale studies have been taken up on the molten salt electrorefining process and the consolidation process for recoverin g the actinides from cathode deposit. Studies are also being carried out on the direct electrochemical reduction of actinide oxides, methods for the fabrication of waste forms and materials and coatings.
Introduction
It is planned to introduce metallic fuels in the Indian Fast Breeder Reactors beyond 2020 to meet the increasing energy demands of the country. Molten salt electrorefining, a pyro-electrochemical process, offers several advantages over the conventional PUREX process for reprocessing spent metallic fuels from fast reactors. They are: ability to process fuel after high burn up and short cooling time and fuel of high Pu content , less criticality problems, less volume of liquid waste, actinide recycle potential etc. In this process [1, 2] carried out at 773 K, the spent metal fuel is loaded to the anode basket of an electrorefining cell having moten LiCl-KCl eutectic salt as the electrolyte and the fuel materials, U and Pu are selectively electrotransported through the electrolyte and deposited on appro priate cathodes, leaving behind the fission products , in the electrolyte salt and the anode. Selective deposition of U alone is possible with a solid rod cathode of any material and codeposition of U and Pu is achieved on a liquid cadmium cathode. _____________ *Corresponding author. T el.: +91-44-2748 0286; fax: +91-44-2748 0065 E-mail address: knag@igcar.gov.in Recovery and consolidation of the fuel materials, U and Pu from the cathode depos its is achieved through a consolidation step in which the salt or cadmium is distilled off from the deposit and the residual U or Pu metals are melted using induction heating. The alkali, alkaline earth and rare earth fission products that get accumulated in the electrolyte salt are removed by passing through a zeolite column and the zeolites with trapped fission products are converted to a ceramic waste form known as glass bonded sodalite. The noble meal fission products that are left in the anode along with cladding hulls are converted to a metal waste form by alloying with 15% Zr [3] . Development of all the steps of the process flow sheet has been taken up . Current status of these development activities is described in this paper.
Studies on molten salt electrorefining process
Initially a laboratory scale facility comprising interconnected argon atmosphere glove boxes was set up and has been used to carry out electrorefining studies on U based alloys at 773 K . The separation factors of fission products, Ce and Pd as well as that of Zr, a constituent of the ternary alloy fuel were determined by electrorefining of U-Ce-Pd alloy. Currently, in the facility electrorefining studies on Pu metal are in progress. In these studies, plutonium metal is used as the anode and a solid rod as the cathode. ( Fig.1 ). These studies are aimed at determination of the percentage recovery and current efficiency etc. as well as the analytical methods for monitoring the plutonium concentration in the salt. With a view to generating the experience on bulk processing and on the design and operation of remotely operable equipment, a n engineering scale demonstration facility ( Fig.2 ) has been set up and commissioned. A fuel pin chopper, an electrorefining cell and a distillation chamber for consolidation of the cathode deposits are incorporated inside the facility. The facility is provided with a crane and a power manipulator for enabling remote operations. Electrorefining studies with U based alloys have been initiated with an electrorefining run using 1 kg of U metal as the anode and a solid rod as the cathode. (Fig.3 .) Advanced electrorefiners with high throughput have been designed.
Electrochemical studies have been carried out to decipher the reduction mech anism of the chlorides of fuel constituents, U and Zr in LiCl-KCl as well as the anodic dissolution process . To enable thermochemical modeling of the electrotransport behaviour of elements in the electrorefining cell, a code, PRAGAMAN has been developed [4] . It uses the thermochemical equilibira among the various metals in the anode and cathode and their chlorides in the salt to simulate the electrotranspor t behaviour of these metals. 
Development of ceramic and metal waste forms
Studies related to the fabrication and characterization of ceramic and metal waste forms have also been carried out. The effect of ion exchange/occlusion behavior of salts in zeolite was studied by equilibrating a homogenous mixture of LiCl, KCl, CsCl, NdCl 3 and BaCl 2 with zeolite 4A by using a home built high temperature homogenization facility. The occlusion/ ion exchange behavior can be studied by knowing the free chloride content of the salt loaded zeolite. Free chloride content can be obtained by analyzing the filtrate of water washed salt loaded zeolite. Based on the results, a Zeolite to Salt (Z/S) ratio of 9 was determined to be optimum. The salt loaded zeolite (SLZ) was converted to glass bonded sodalite (ceramic waste form) by heating a homogeneous mixture of SLZ with boroaluminosilicate glass (25 wt %) in flowing argon atmosphere at 1188 K for 15 h. The product was characterized by XRD as well as by DSC. Fig. 5 shows XRD pattern of the Sodalite along with minor nephline phase. The glass transition temperature (T g ) of the glass bonded sodalite GBS) is 808 K.
Development studies on metal waste form(MWF) carried out include preparation of simulated MWF alloys of both D9 SS and 9Cr-1Mo steel with zirconium by casting and studying the microstructure. Electrochemical polarization and the frequency response of AC impedance were carried out to evaluate the corrosion behavior and the passive film stability of these alloys. The corrosion resistance of different MWF alloys and its relation to the effect of pH, compositional variations, microstructures, phases and elemental profile have been obtained based on the above results. 
Development of materials and coatings
Development of compatible materials, fabrication technology and coatings for use in various unit operations like salt preparation, electrorefining, cathode processing etc. is another activity being pursued. Evaluation of corrosion resistance of materials in molten LiCl-KCl salt at high temperature is of prime importance for selection of materials for pyrochemical reprocessing plant. Attempts have been made to study the corrosion behaviour of type 316L SS, electroformed Ni, Ni-W, and Ni based alloys such as Inconel 600, 625, 690 in molten chloride (LiCl+KCl) salt for considering its application for salt preparation and other containers. The study indicated better corrosion resistance of Ni-W and Ni base alloys in molten LiCl-KCl salt compared to other candidate materials [5] . The mechanism of corrosion of 316L SS and Ni base alloys was found to be due to selective dissolution of Cr with the formation of voids and chromium rich compound at the surface [6] . For better service and life, zirconia based ceramic coatings with a bond coat of MCrAlY has been proposed over the components employed towards this purpose. Plasma sprayed partially stabilized zirconia (PSZ) coated 316L SS was tested in molten LiCl-KCl salt. The plasma sprayed yttria stabilized zirconia (8 wt% yttria) coating on type 316L SS exhibited better corrosion resistance in comparison to uncoated type 316L SS and no major degradation of the coated surface was observed after 1000 h of exposure to molten salt as shown in Fig 5 [5] . The cross section examination of exposed PSZ coated 316L SS also did not reveal significant attack and selective diffusion of elements unlike uncoated 316L SS even after 1000 h exposure . Laser remelting was attempted to eliminate microstructural inhomogeneities like pores and voids present in the PSZ coating and a smooth and dense layer was obtained on laser remelting [7] . Nitride coatings on high density graphite crucibles deposited by PVD technique are considered for uranium melting applications in cathode processor. Towards this nanocrystalline TiN, ZrN and Ti-Si-N were deposited on high density graphite crucibles by magnetron sputtering technique. Preliminary tests conducted on TiN, ZrN and Ti-Si-N coated high density graphite crucibles with uranium indicated that TiN and Ti-Si-N coating offer better stability and ease of ingot release [8] . There is no major difference in surface morphology of nanocrystalline TiN coating before and after uranium melting as shown in Fig 7. Further testing and characterization of nanocrystalline nitride coatings with uranium is in progress. Fig. 6 . SEM micrographs of partially stabilized zirconia coating over Fig. 7 . Surface morphology of nanocrystalline TiN type 316L SS (a) as coated, (b) 1000 h exposed to molten LiCl-KCl salt.
(a) as coated (b) after uranium melting experiment.
Carbon-based coatings (pyrographite) are also being developed for various applications such as crucible and electrode in pyrochemical reprocessing plant.
Studies on electrochemical reduction of actinide oxides
Electrochemical reduction of solid actinide oxides in molten LiCl-Li 2 O medium were reported in the context of its use as a process to convert spent oxide fuels to metallic form for consolidation [9] and/or reprocessing in the pyrochemical method [10, 11] . The solid oxide served as the cathode and platinum as the anode in the electro -reduction cell [ Fig. 8 ]. Electrodeoxidation studies of uranium oxide (both U 3 O 8 and UO 2 ) were carried out in both compacted pellet and powder forms in molten LiCl-Li 2 O electrolyte at 923 K. Preliminary electro-deoxidation studies have yielded partially reduced uranium oxides and uranium metal in different experiments, but also showed that two critical issues, (i) the dissolution of platinumanode in the melt and (ii) preparation of porous UO 2 pellets and its containment as cathode in the electro-deoxidation cell are to be addressed to continue with the work. . Hence Cyclic Voltammetric experiments were carried out to test the electrochemical stability of different electrode materials like GC, Pt, graphite, SS, Mo and Ta in the molten salt system. The CV experiments showed that in LiCl melts containing 2-3 wt% Li 2 O, the anodic oxygen evolution and platinum dissolution reactions are separated by ~750 mV and hence the electrolyte composition is suitable for the electro-deoxidation work with platinum anode (Fig. 9) . These studies have shown that stainless steel and tantalum can be used as container materials for the uranium oxide cathode, but the most ideal material would be hig hdensity, porous magnesia crucibles. Similar studies were also carried out with molten CaCl 2 -2wt.% CaO at 1173K as an alternative electrolyte medium. The oxygen evolution reaction was found to take place smoothly on the platinum anode in this melt, but platinum dissolution was found to be more severe than that noticed in LiCl-Li 2 O melt.
The processing of UO 2 pellet is critical in its electro-deoxidation behaviour and hence porous UO 2 pellets were prepared by adopting a special procedure of voloxidation of UO 2 powders to U 3 O 8 in air at 1273 K and its subsequent compaction and sintering in Ar-8%H 2 atmosphere at 1873 K. A double-module inert atmosphere glove box was set up for molten salt work and experiments are being planned now for electro-deoxidation of ~100g quantities of uranium oxide. 
